Ethiopia (unpublished data), 0.57 in Nigeria (Chiezey, 2013) , <0.1 in Ghana (Kumaga and Ofori, 2004) , and 0.32 in Nigeria (Awoniyi and Olofintoye, 2008) . Soybean commonly does not respond to applied N, even in high yield situations . Soybean response to N may occur for soybean planted without seed inoculation with Bradyrhizobia spp. in fields with no history of soybean production and where the soybean variety is not compatible with the local rhizobium populations (Musiyiwa et al., 2005) . Mean soybean response to applied N was less than 0.1 Mg ha -1 in Zambia (unpublished data). There is a lack of published evidence for soybean responses to other applied nutrients in Africa.
Crop productivity and response to inputs, including fertilizer, are affected by differences in soil properties and other environmental factors. Soils can be broadly grouped into those with acceptable responses to applied nutrients and those with little or no response to applied nutrients (Vanlauwe et al., 2010; Nalivata et al., 2017) . Zingore (2011) found that both yield and response to applied nutrients increased as soil productivity increased although the response was similar for soils of medium and high productivity. Non-responsiveness may be due to various edaphic constraints such as shallow rooting depth, low available water holding capacity, and Al toxicity associated with low soil pH. Soil amendment can often improve responsiveness such as with lime application, inclusion of perennial grass in the crop rotation, or several years of manure application (Zingore et al., 2007) . Crop-nutrient response field research is usually, if not always, done on soils that do not have edaphic constraints that are atypically severe for the recommendation domain and fertilizer use recommendations should not be applied in cases of unamended severe edaphic constraints.
The economics is relatively simple for fertilizer use that is not constrained by inadequate finance. Once response functions are available, the cost of fertilizer use is known, and the expected value of the commodity can be estimated, the economically optimal rates can be calculated. Financially constrained fertilizer use, however, requires choice of the crop-nutrient-rate combinations that are expected to give the best return on the investment (Jansen et al., 2013) . While fertilizer use optimization tools have been developed for 67 recommendations domains in subSaharan Africa (available for download at http://agronomy. unl.edu/OFRA), the basis of research results for determination of the soybean and groundnut nutrient response functions for West Africa was less robust than desired. Therefore, research was conducted in West Africa to improve the information basis for profit-oriented fertilizer use decisions for groundnut and soybean. The primary objective was to determine groundnut and soybean response functions for P and K in the Sahel, Sudan Savanna, and Guinea Savanna agroecological zones. Responses to manure, N, S, Zn, and B were also evaluated in some trials. Another objective was to diagnose the importance of other nutrient deficiencies to guide future soil fertility research.
MATeRIALS AnD MeTHoDS

Site Characterization
On-station and on-farm researcher-managed fertilizer response trials were conducted in 2014-2015 for groundnut and soybean in the Guinea Savanna states of Bauchi (Kangere), Gombe (Billiri), Kaduna, Kano (Zarewe), and Adamawa of Nigeria (Fig. 1) . Groundnut trials were also conducted in the Sahel and Sudan Savanna of Niger and the Sudan Savanna in the Hauts-Bassins Region of Burkina Faso (Table 1) . The selected sites offered conditions common for groundnut or soybean production in these countries. Sites with known atypical serious edaphic constraints such as shallow depth to a restrictive layer, sand soil texture except for Sahel sites, and a history of unusually severe erosion were excluded as such sites are not of high importance for the production of these crops.
Composite soil samples were taken from 10 to 15 points at the 0-to 20-cm depth by block, air dried and sieved through a 2-mm sieve. The analyses were done by the World Agroforestry Center Soil-Plant Spectral Diagnostic Laboratory in Nairobi, Kenya, using mid-infrared spectral analysis, with fine-tuning of the calibration using data from wet chemistry analysis for about 10% of the samples (Shepherd and Walsh, 2007; Terhoeven-Urselmans et al., 2010; Towett et al., 2015;  https://www.worldagroforestry. org/sd/landhealth/soil-plant-spectral-diagnostics-laboratory/ sops). The analysis for organic C was done with a Thermal Scientific Flash 2000; for pH with a 1:2.5 soil/water slurry; for available P and exchangeable bases and available micronutrients with the Mehlich-3 extraction (Mehlich, 1984) ; and for particle size distribution using the Horiba LA 950 Laser Scattering Particle Size Distribution Analyzer.
The soils for the Nigeria sites were mostly sandy clay loam luvisols and slightly acidic with low soil organic carbon (SOC), Mehlich 3 P of 10 to 22 and exchangeable K of 80 to 115 mg kg -1 (Jones et al., 2013;  Tables 1 and 2 ). The soils for the Niger sites were loamy sand and sandy loam arenosols for Maradi and Magaria and sandy clay loam luvisol at Bengou and all were slightly acidic with very low SOC and low Mehlich 3 P, except for the Bengou on-station trial. Exchangeable K for the sites varied from 33 to 68 mg kg -1 , and generally Ca, Mg, Cu, B, and Mn were of low availability. The sites in Burkina Faso had sandy clay loam ferralsol and luvisols at Farako-ba and clay soil at Boni with pH 5.2 to 5.5. The SOC was low at Farako-ba, but more at Boni. Mehlich 3 P for the Burkina Faso sites varied from 12 to 24, and exchangeable K was near 80 mg kg -1 .
Treatment Structure
Treatments in all three countries included four rates each of P and K (Table 3 ). Other treatments included compost or manure applied at 2.5 Mg ha -1 in Niger. In Burkina Faso, trials at each location were conducted with 0 and 5 Mg ha -1 compost applied. Two N rates and varying rates of micronutrients were included in Nigeria for both groundnut and soybean. A diagnostic treatment consisting of 22.5, 20, 15, 10, 2.5, and 0.5 kg ha -1 P, K, S, Mg, Zn, and B, respectively, was included and compared to the PK treatment with the same rates. The groundnut varieties were RMP91 and SH470P in Burkina Faso, ICIAR19BT in Niger, and SAMNUT 23 in Nigeria. The soybean variety was TGX 19046F. The treatments composed an incomplete factorial with a randomized complete block design but with a completely randomized design in Burkina Faso. All nutrient application rates were specified in the elemental form. The fertilizers used as nutrient sources included urea (46% N), triple super phosphate (TSP, 46% P 2 O 5 ), muriate of potash (KCl, 60% K 2 O), MgSO 4 (kieserite) with 15% Mg and 22% S, zinc sulfate monohydrate with 34% Zn and 18% S; and granular borax with 14.5% B. On-station trials had three replications. On-farm trials were commonly of six replications per location with one replication per field. Plots sizes were 3 by 6 m in Nigeria and Burkina Faso, and 4 by 4 m in Niger. The harvested plot area for yield determination was 9, 4, and 4.8 m 2 in Nigeria, Niger, and Burkina Faso, respectively.
Crop Management and Data Collection
Land preparation for the groundnut and soybean trials involved tillage to >10-cm depth, including plowing, harrowing, and sometimes ridging. The seed was dressed with fungicide Apron Star 42W (Syngenta product containing
with 20, 20, and 2 g kg -1 a.i.; 5 g kg -1 seed) for control of fungal root and stem diseases. Seeds were sown manually at 5-cm depth. Seed spacing was 40 by 40 cm in Burkina Faso, 50 by 50 cm in Niger, and 75 by 20 cm in Nigeria. Planting dates were: 12, 13, and 30 July 2014 and 26 June, 2 and 10 July 2015, respectively, in Magaria, Maradi, and Bengou for Niger; and on 18 and 15 July in Burkina Faso. The planting and harvest dates varied (Table 1 ). Herbicide {gramazone (1,1'-dimethyl-4,4'-bipyridinium dichloride hydrate; 4,4'-bipyridinium, 1,1'-dimethyl-, dichloride, hydrate) plus pendamenthalin [N-(1-ethylpropyl)-3,4-dimethyl-2,6-dinitrobenzenamine]} was applied on the day of planting in Nigeria for weed control. This was followed with manual hoe weeding at 2 and 6 wk after sowing. In Burkina Faso and Niger, weed control was with manual hoeing at 3 and 6 wk after sowing. Fertilizer was broadcast applied and incorporated to the 5-cm depth at 2 wk after planting in Nigeria. In Burkina Faso and Niger, fertilizers were band applied at least 5 cm from the row and covered with soil 2 wk after planting. Upper fully expanded leaves of an N-P-K treatment was sampled at flowering time in Niger and Nigeria and analyzed for N, P, K, Ca, Mg, S, Fe, Cu, Mn, Zn, B, and Mo. Harvest for yield determination was by uprooting the plants from the two inner rows, removing the pods and air-drying before shelling. The harvested grain was weighed and air-dried grain yield calculated. Total aboveground air-dried groundnut biomass and soybean stover yield were determined.
Data Analysis
The ANOVA was combined across sites with sites, years, and replications considered as random variables and treatments as fixed variables with Statistix 10.0 (Analytical Software, Tallahassee, FL). Linear contrast tests were done for effects of the diagnostic treatment and manure. Treatment effects were considered significant at P ≤ 0.05. When significant nutrient rate effects occurred, linear, quadratic, or asymptotic curvilinear to plateau regression analysis, depending on the treatment effects, was done for grain and stover yield. The asymptotic function was yield (Mg ha -1 ) = a -bc r , where a is near maximum yield for application of that nutrient, b is the potential gain in yield due to application of that nutrient, and c r determines the shape of the curvilinear response where c is a curvature coefficient, and r is the nutrient rate. There were no P × K rate interaction effects and the P response was determined across K levels.
ReSULTS
Groundnut
Fertilizer treatments did not affect groundnut yield at the two Farako-ba sites and the Boni site in 2014 and 2015 (Table 4 ). There were no significant fertilizer treatments × variety interactions. The Table 2 . Soil test values of the 0-to 20-cm soil depth for groundnut and soybean nutrient response trials conducted in Burkina Faso (BF), Niger (NE), and Nigeria (NG).
Location yield was low including mean pod and fodder yields of 0.60 and 0.79 Mg ha -1 in 2014, and 0.35 and 0.52 Mg ha -1 in 2015, respectively, at Farako-ba. At Boni, mean grain and fodder yields were 1.47 and 3.52 Mg ha -1 , respectively. The effect of the application of 5 Mg ha -1 manure did not have a significant effect on groundnut yield due to the small number of degrees of freedom for the main plot effects. In 2015, pod yield was 0.71 to 0.87 Mg ha -1 and fodder yield was 0.47 and 0.57 Mg ha -1 , respectively, where manure was not and was applied in 2014 at Farako-ba. Pod yield, averaged across years, was 1.39 and 1.55 Mg ha -1 without and with manure application, respectively, at Boni, but fodder yield was not affected in either year.
In Niger, on-station groundnut pod yield was affected by the P × location interaction (Table 4) . On-farm pod yield was affected by treatments combined over locations. On-station pod yield was not affected by P rate at Maradi but increased linearly and curvilinearly with P rate at Bengou and Magaria, respectively (Table 5 , Fig. 2 ). The overall P effect on pod yield was linear and increased 0.024 Mg ha -1 kg -1 of applied P. Groundnut mean pod yield was increased with the application of 2.5 Mg ha -1 of manure and N but not with K, and by the diagnostic treatment.
Manure application did not affect the mean pod yield response to 15 kg ha -1 P and did not affect pod and fodder yield response to 20 kg ha -1 K.
In Niger, the P × location interaction affected on-station and on-farm groundnut fodder yields and the P × yr interaction was significant for on-station fodder yield (Table 4) . Fodder yield increased with P rate in both years but with curvilinear and linear effects in 2014 and 2015, respectively (Table 5 , Fig. 2 ). Fodder yield increases with P application were relatively small at Magaria and yield was near the plateau with 7.5 kg ha -1 P applied. Mean fodder yield increases continued at Bengou and Maradi to the highest P rate. The overall P effect on fodder yield in Niger was linear and increased 0.019 Mg ha -1 kg -1 of applied P. Groundnut mean fodder yield was increased by with application of 2.5 Mg ha -1 of manure, N and K, and by the diagnostic treatment. The mean fodder yield increase with 15 kg ha -1 P applied was 0.360 and 0.085 Mg ha -1 , respectively, with and without manure applied.
In Nigeria, groundnut pod and fodder yields were affected by P rate but not by interaction effects (Table 4) . Groundnut mean pod yield was increased with application of the diagnostic treatment, are for research sites Bengou, Magaria, Maradi, and Kagara, respectively. ‡ Contrast comparisons include 0 compared with 2.5 Mg ha -1 manure applied, the diagnostic (N, P, K, Mg, S, Zn, and B) compared with the same P and K rate, 0 and 10 kg ha -1 N applied, and 0 compared with the mean of 3 applied K rates. § ns, not significant. N, S, Zn, and B but not by application of P and K (Table 6 ). Pod yield was significantly affected by P rate for 4 of the 7 site-years and by S and Zn at Kaduna-Samaru in 2014 only. Fodder yield was only affected by P application. The response of pod and fodder yield to applied P was similar although the fodder yield was much higher (Fig. 3) . In Nigeria, pod yield = 1.732-0.435 × 0.752 P and fodder yield = 4.967-0.745 × 0.861 P . In Nigeria, mean groundnut response to S was pod yield = 1.823 -0.120 × 0.650 S and fodder yield = 5.133 -0.143 × 0.818 S . The effect of Zn and B cannot be well determined due to confounding with N application but appear to have increased pod and fodder yield well less than 0.1 Mg ha -1 overall.
Soybean
Soybean grain and stover yields were affected by the treatment × location × year interaction in Nigeria (Tables 4  and 7 , Fig. 3 ). The P × K interaction was not significant but the P rate effect was significant for all site-years. Soybean mean grain yield was increased with application of the diagnostic treatment, P, S, Zn, and B but not by application of N and K. The N and B effects on grain yield were always nonsignificant, while applied K decreased yield at Gombe in 2014, S increased yield at KadunaSamaru in 2014 and Zn increased yield at Gombe and KadunaSamaru in 2014. Soybean grain yield response to applied P overall was yield = 1.827-0.731 × 0.891 P .
Soybean mean stover yield was increased with application of P but not with application of the diagnostic treatment, N, K, S, Zn, and B (Table 7) . The diagnostic treatment increased stover yield at Kaduna-Samaru in 2015. Applied P increased stover yield in all cases except for Kaduna-Samaru in 2014. Applied N decreased stover yield at Gombe in 2015 and increased yield at Kaduna-Samaru in 2015. Applied K increased stover yield at Gombe in 2015 and Kaduna-Samaru in 2014. Stover yield was decreased by applied S at Kaduna-Giwa and Gombe in 2015, decreased by Zn at Gombe in 2014, increased by Zn in Kaduna-Samaru in 2015, increased by B at Kaduna-Giwa and Kaduna-Samaru in 2015, and decreased by B at Gombe in 2014. The overall soybean stover yield response to applied P was yield = 3.136 -0.728 × 0.849 P .
Mean soybean response to S was grain yield = 1.897 -0.324 × 0.803 S with no effect on stover yield. Assuming the mean effect of 10 kg ha -1 N was to increase soybean grain yield by 0.090 Mg ha -1 and to decrease stover yield by 0.16 Mg ha -1 , mean response to Zn was grain yield = 1.933 -0.269 × 0.35 Zn with no effect on stover yield and mean response to B was grain yield = 1.851 -0.188 × 0.38 B and stover yield = 3.544 -0.422 × 0.360 B .
Diagnosis of Nutrient Deficiencies
The percent groundnut pod and soybean grain yield increase due to the application of a diagnostic package of Mg, S, Zn, and B ranged from -18 to 69% with a mean increase of 13.3%. The effect was small compared to the yield increases due to Fig. 2 . Groundnut pod and fodder yields were affected by P rate (P) × site interactions for on-station and on-farm trials in Niger. The P × year interaction was significant for fodder yield. Fig. 3 . Soybean grain and fodder yield response to applied P in the Guinea Savanna of Nigeria. KadunaS and KadunaG refer to Samaru and Giwa in Kaduna State. P application and generally not significant. The minimum, maximum, and mean soil levels for the research locations were: 43, 194, and 102 mol c kg -1 for Mg; 6.5, 18.2 and 10.3 mg kg -1 for S; 2.1, 6.5, and 3.5 mg kg -1 for Zn; and 0.04, 0.15, and 0.10 mg kg -1 for B, respectively. Foliar test results for the N-P-K treatment that was directly comparable to the diagnostic treatment were not available for all locations but the minimum, maximum, and mean foliar levels were: 2.7, 5.3 and 4.3 g kg -1 for Mg; 2.0, 5.3, and 2.0 g kg -1 for S; 22, 50, and 33 mg kg -1 for Zn; and 17, 25, and 22 mg kg -1 for B, respectively. There was no relationship between the soil and foliar test values and the yield increase with application of the diagnostic treatment except for a positive relationship of yield increase with foliar S concentration. The critical foliar concentrations used by the Optimization of Fertilizer Recommendations in Africa (OFRA) have been 2.5 and 2.0 g kg -1 for Mg and S, and 20 and 15 mg kg -1 for Zn and B, respectively. According to these critical levels, the foliar results indicate that the plants were not deficient for Mg, Zn, and B but were often borderline for S.
DISCUSSIon
Soil properties varied widely across research locations which included Luvisols and Arenosols. However, soil properties were not related to yield with no P applied or to the response to applied P. Soil pH ranged from 5.2 to 6.4 with relatively lower levels in Burkina Faso where there was not a response to applied P, and relatively high in Nigeria where the response to P was relatively great. Mehlich 3 P varied from low to high. Exchangeable K was 35 or less mg kg -1 at Maradi and Magaria without a response to applied K. The concentration of SOC was always low and likely was mostly recalcitrant due to little flow of new organic material to the soil. Recalcitrant soil organic matter is valuable for soil aggregate stability, water holding capacity and cation exchange capacity (Woomer et al., 1994) but has little nutrient mineralization. The yield was higher with manure application in Burkina Faso and yield response to P was greater with 2.5 Mg ha -1 applied in Niger. The results demonstrate the limited value of soil test results for predicting response to applied nutrients when crops are affected by numerous uncontrolled factors that may be a major or minor constraint to crop growth for a given site-year.
Groundnut pod and fodder yield response to P varied by location-year in Niger and Nigeria but cannot be accounted * P < 0.05. ** P < 0.01. *** P < 0.001. † Contrast comparisons include the diagnostic (N, P, K, Mg, S, Zn, and B) compared with the same P and K rate, 0 and 10 kg ha -1 N applied, and 0 compared with the mean of 3 rates for K, S, Zn, and B. The LSD 0.05 for the combined analysis was 0.178 and 0.270, respectively. ‡ ns, not significant.
for by soil properties. Rainfall amount and distribution, management practices, and various biotic and abiotic constraints may have contributed to the varied responses. Mean responses differed by agroecological zone with the overall linear response to P in the Sahel and North Sudan Savanna zones of Niger and the curvilinear to plateau response in the Guinea Savanna of Nigeria. The increase in response to P with manure applied in Niger is noteworthy. The mean agronomic efficiency of P use for pod yield in Nigeria was 77 and 29 kg kg -1 with 5 and 15 kg ha -1 applied, respectively, but only 24 kg kg -1 in Niger. This agronomic efficiency is low compared with that reported for Uganda (Kaizzi et al., 2012) but generally high compared with results reported by others (Naab et al., 2009; Bationo et al., 1991; Mupangwa and Tagwira, 2005; Kamara et al., 2011) . There is profit potential for P application for groundnut production in Nigeria and Niger unless the cost of P relative to the value of groundnuts increases greatly, but the potential is much greater in Nigeria. As with groundnut, the variation in soybean response to applied nutrients in Nigeria cannot be explained using the available information. The importance of P application is confirmed by the results. The mean agronomic efficiency of P use for grain yield in Nigeria was 43 and 21 kg kg -1 with 5 and 15 kg ha -1 applied, respectively, giving great potential for profit. The agronomic efficiency with 15 kg ha -1 P was low compared with that reported by Kaizzi et al. (2012) while the agronomic efficiency determined from results reported elsewhere ranged <7 (Kumaga and Ofori, 2004) to 51 kg kg -1 (Chiezey, 2013) . The overall negative effect of K on grain yield is not surprising as K application often has a negative effect when the crop is not constrained by K deficiency although the reasons are not well determined (Wortmann et al., 2017a) although the tap root of legumes could be easily damaged by KCl placement near the seed.
The results indicate the need for adequate availability of a P fertilizer such as triple or single super phosphate for maximizing profit from fertilizer applied for groundnut and soybean production. Use of fertilizers that contain N and K requires farmers to pay for nutrients that do not give an economic response and may reduce response to P. Such increased cost to P application for these legumes means less application of needed nutrients when fertilizer use is financially constrained.
Application of the diagnostic treatment (N, P, K, Mg, S, Zn, and B) at all sites-season and years increased soybean grain and stover yields indicating that fortification of fertilizers with secondary and micronutrients (Mg, S, Zn, and B) is desired to increase soybean yields at these locations. The decreased yield with K application is evidence of the importance of making single nutrient fertilizers available to farmers.
The need for P fertilization at all sites was enhanced due to soybean stover response at most of the sites. Applied N decreased stover yield at Gombe and increased it at Kaduna-Samaru but this could not be accounted from by the soil test information. Boron was found to increase stover yields at Kaduna-Giwa and Kaduna-Samaru indicating that soybean fertilized with B-fortified fertilizer may promote stover production of soybean compared to use of fertilizers without B.
The effects of the diagnostic treatment and responses to S, Zn, and B do not present a compelling case for application of secondary and micro nutrients for soybean and groundnut production in Niger and Nigeria. This is supported by foliar testing results for most nutrients, although S may be borderline for deficiency. With higher yield situations, S application for these crops may be profitable in Nigeria.
Results from this and past field research relevant for cropnutrient response function development can be used for determining robust, recommendation domain-specific response functions. Under the Optimizing Fertilizer Recommendations in Africa project (OFRA), a dataset of >5900 geo-referenced crop nutrient responses determined from food crop research in sub-Saharan Africa was compiled (Kaizzi et al., 2017) . The OFRA Inference Tool for finding research results from homologous production situations was developed (Wortmann et al., 2017a (Wortmann et al., , 2017b . Using these resources, recommendation domainspecific nutrient response functions for N, P, and sometimes K, S, and Zn, can be determined and integrated into fertilizer use optimization tools using linear optimization for fertilizer use decisions intended to optimize farmer profit from fertilizer use. The dataset, OFRA Inference Tool, the optimization tools and companion paper decision tools for use in advising farmers, the above cited OFRA book, and other products are available for download at http://agronomy.unl.edu/OFRA.
ConCLUSIon
Fertilizer P application for groundnut and soybean production is likely to be highly profitable in Nigeria and Niger, but other constraints to productivity need to be reduced for profitable P use in Burkina Faso. Manure application was important to groundnut response to P in Niger. Application of nutrients other than P for the production of these crops is unlikely to be profitable in the Guinea, Sudan, and Sahel Savanna agroecological zones. There is little indication for general concern for deficiencies of secondary or micro nutrients although this may change with higher levels of productivity, especially for S. Profit optimization of P application for groundnut and soybean production requires single nutrient P fertilizer as fertilizer containing N and K have an unnecessary added cost with no yield increase expected from the application of these nutrients. Application of triple super phosphate for P supply should be considered as this fertilizer is not acidifying on acid soils.
